Taurine transporter knockout mice show severe retinal degeneration at an early age. The study was designed to determine whether degeneration also takes place in the absence of light. Mice were maintained up to 6 weeks of age in cyclic lighting or in total darkness. Degeneration took place in both groups, but was more rapid in animals exposed to standard cyclic illumination. At the ultrastructural level the retinas showed features characteristic of apoptosis but not of necrosis. Conclusions: Cell differentiation is not seriously affected by the lack of a functional taurine transporter but mature photoreceptor cells do not survive without an intact transporter, even in the dark.
Introduction
Ever since the early reports on retinal degeneration in cats lacking taurine in their diets (Hayes, Rabin, & Berson, 1975) , the importance of taurine (a beta-amino sulfonic acid) for normal function and maintenance of photoreceptor structure has been intensively studied. The functions of taurine and its precursors are manifold, depending in part upon the cells and tissues in which they are found (Huxtable, 1992) . Taurine is either produced by the cells utilizing it or it must be transported into the cell by the taurine transporter. The retina belongs to a small group of tissues with exceptionally high levels of taurine and most of it is located in the photoreceptor cells (Lake & Verdone-Smith, 1989; Pow, Sullivan, Reye, & Hermanussen, 2002) . Nevertheless, in mammals, photoreceptor cells lack the enzymatic equipment necessary for producing this amino acid (cysteine sulfonic acid decarboxylase, CSD) (Huxtable, 1989) . In the mouse the taurine transporter (TauT) has been localized in the inner segments of photoreceptor cells (Vinnakota, Qian, Egal, Sarthy, & Sarker, 1997) . There is widespread agreement in the literature that taurine is vital to photoreceptors both as an osmolyte and as an antioxidant (Lombardini, 1991; Petrosian & Haroutounian, 1998; Rego, Santos, & Oliveira, 1996) . Numerous studies have shown that insufficient levels of taurine lead to malfunction and finally degeneration of the adult retina, particularly the photoreceptor cells. The retinal degeneration seen in cats maintained on a taurine-free diet (Schmidt, Berson, & Hayes, 1976; Wright et al., 1987) can be reversed to a certain extent if taurine is added to the diet (Hayes et al., 1975) .
The taurine content in whole eyes of 2-week-old mice of the taut)/) strain is markedly reduced and the retinas of animals housed under standard cyclic illumination begin to degenerate at this time (Heller-Stilb et al., 2002) . Retinal taurine levels normally increase during the third postnatal week in mice, just after the eyes have opened (Hilton, Raque, & Hilton, 1981; Orr, Cohen, & Carter, 1976) .
It is well known that constant or intense light ultimately leads to photoreceptor cell damage (Oraedu, Voaden, & Marshall, 1980; Wasowicz, Morice, Ferrari, Callebert, & Versaux-Botteri, 2002) . Studies on the effects of light on taurine-deficient retinas have shown that there may be differences in the degree of damage depending upon the species or the type of deficiency. Light was not a major factor in the degeneration of the retina in cats with a dietary taurine deficiency (Leon, Levick, & Sarossy, 1995; Pasantes-Morales, Dominguez, Campomanes, & Pacheco, 1986) but light did increase the degree of photoreceptor disruption and loss in rats subjected to drug-induced taurine depletion (Rapp, Thum, & Anderson, 1988) . The aim of the present study was to establish whether or not photoreceptor degeneration can be prevented by rearing taut)/) mice in darkness.
Material and methods

Animals
The taut)/) mice of the present study were offspring of pairings between homozygous taut)/) males and heterozygous taut+/) females. Wild type (WT, taut+/+) mice of the taut strain served as control animals. All mice were bred and raised in the vivarium of the University of D€ usseldorf. The guidelines of the German laws for the protection of animals were followed and the study was approved by the university authorities. At least three animals of either sex belonged to each experimental group. Retinas were examined at 3 and 6 weeks of age.
Light-reared. The mice were maintained on a 12 h light/12 h dark (LD) cycle under standard lighting conditions (510 lux below the lamps in the center of the room, ca. 110 lux in the individual cages) and provided with laboratory chow and tap water ad libitum.
Dark-reared. For the light deprivation studies the animals were maintained in a separate room in darkness (DD; 0.0 lux). All dark-reared animals were conceived and raised under DD conditions. The mice were checked and tended on a daily basis between 8 and 9 AM under safe lighting conditions: dim red light (0.02 lux 30 cm from the light source). They received the same feed and water ad libitum as the animals kept on the LD schedule. Possible differences in the activity phase of the pigment epithelium (PE) were kept at a minimum by timing enucleation for all animals to correspond to the third hour of 'lights on' for the LD animals.
Methods for morphology
The mice were anesthetized with sodium pentobarbital (50 mg/kg b.w.) and killed by decapitation. The eyes were enucleated and fixed by immersion. In order to avoid any light influence on the photoreceptors of DD animals, the mice were anesthetized and enucleated in the darkroom under dim red light and the first 4 h of fixation was also done in the darkroom. Post-fixation, embedding and preparation of sections for semithin and electron microscopy have been described earlier (HellerStilb et al., 2002) . For conventional light microscopy and immunohistochemistry the eyes were fixed in Bouin's solution for 24 h. The lens was removed after fixation and the samples dehydrated in a graded series of isopropyl alcohol. The specimens were transferred through methylbenzoate/toluene and embedded in paraffin.
Immunohistochemistry for taurine
Five micrometer thick sections were collected on coated slides and deparaffinized. They were then immersed in high pH antigen retrieval solution (Dako, Cytomation, Hamburg, Germany) for 20 min and rinsed twice with 0.05 M tris-buffered saline, pH 7.6 (TBS). After endogenous peroxidase had been blocked with 3% H 2 O 2 for 20 min, the sections were again washed with TBS and then incubated in 3% normal goat serum for 60 min at room temperature. Incubation with the polyclonal primary antibody to taurine AB137 (Chemicon, Hofheim, Germany) (dissolved in 0.1% Triton-X in TBS 1:1500) was done overnight at 4°C. After washing with TBS, the sections were incubated with EnVision â (rabbit; Dako, Cytomation, Hamburg, Germany) for 30 min at room temperature, washed with TBS, covered with 3,3 0 -diaminobenzidine tetrahydrochloride (DAB, 1 mg/ ml and 0.02% H 2 O 2 ) for 10 min and then rinsed with distilled water. Sections were counterstained for nuclei with Mayer's hematoxyline, dehydrated through alcohol, cleared in xylene and cover-slipped with DePeX â (Serva, Heidelberg, Germany). In control sections there was no reaction product if the primary antibody had been omitted. The validity of the reaction was further confirmed by the reaction product found in the corneal epithelium (Lobo, Alonso, Latorre, & Martin del Rio, 2001 ).
Detection of apoptosis by TUNEL assay
Retinal sections were deparaffinized in xylene and rehydrated in a graded series of ethanol to distilled water. The terminal deoxynucleotidyltransferase-mediated dUTP nick-end labeling (TUNEL) assay was then carried out using an in situ cell death detection kit (Roche, Mannheim, Germany) (Gavrieli, Sherman, & Ben-Sasson, 1992) . The incorporated fluorescein was detected by fluorescence microscopy. The excitation wavelength was 490 nm.
Morphometry and statistics
Differences in the thickness of outer retinal layers were quantified by measuring the distance between the outer plexiform layer and Bruch's membrane in three semithin sections per animal, three animals per experimental group (Kappa Messtechnik, GmbH, Gleichen, Germany). Areas lying approximately 200 lm from the edge of the optic nerve head were selected for measurement. The pigment epithelium (PE) was included in the measurements because the layers comprising the remnants of inner and outer segments could no longer be clearly delineated in the taut)/) animals at 6 weeks of age. Proper orientation of the retina in the taut)/) eyes, in which OS could not serve as indicators of alignment, was achieved by examining Bruch's membrane, the PE and the orientation of Muller cell processes through the inner layers of the retina. The data were analysed using a three-way ANOVA followed by a two sample t-test.
Results
The retinas in WT mice of the taut strain showed well-developed layers including the pigment epithelium (PE) by the third postnatal week, even in the animals raised in darkness. (Fig. 1a) . In the retinas of taut)/) mice all of the layers representing the photoreceptor cells degenerate within a few weeks after birth, a process which is not prevented by light deprivation (Fig. 1b, c) .
Immunohistochemistry for taurine in the retina
Immunostaining for taurine in the WT retina was distinctly more intense in the layer representing the inner segments (IS) and in the outer plexiform layer than in any of the other layers. Delicate structures passing between the photoreceptor cell nuclei were clearly marked. Outer segments (OS) showed no reaction product. Retinas of LD and DD animals did not differ in the distribution pattern of staining, but the LD animals showed more intense staining (Fig. 1d, e) . Immunostaining for taurine in the IS and outer plexiform layers of taut)/) animals (3 weeks) was extremely faint. Staining in the inner layers of the retina was less intense than in the corresponding layers of the WT retinas (Fig.  1f, g ).
Retinas of taut+/+ mice, fine structure
By the age of 3 weeks rod OS were composed of very regularly arranged stacks of discs (Fig. 2a, b) . The IS were tightly packed and contained long, slender mitochondria (Fig. 2a) . The outer limiting membrane (OLM in Fig. 2a ) separated the IS from the outer granular layer (Fig. 2c ) in which the nuclei were arranged in columns of approximately 10-12 each (Figs. 1a and 2c ). Muller cell processes extended between the columns of nuclei. The end feet or basal pedicles of the photoreceptor cells had synaptic ribbons and contained large round mitochondria (Fig. 2d) . The PE consisted of a single layer of cells with long microvillus apical processes which extended between the tips of the OS (Fig. 2b ). There were no appreciable differences in the morphology of the outer retinal layers at 3 and 6 weeks, regardless of whether the animals had been maintained on an LD or a DD regimen.
Retinas of taut)/) mice at 3 weeks, LD and DD
At 3 weeks the photoreceptor cells showed signs of severe degeneration. The thickness of the layers comprising the IS and OS was reduced and irregular (Fig. 1f,  g ). Only portions of OS were still present and these were no longer aligned nor did they have regular contours. Some discs, however, were still intact and these had dimensions similar to those in the WT retina. The disruption of OS was more advanced in the LD than in the DD animals. Most organelles of the IS were no longer intact. Mitochondria were swollen and their inner membranes disrupted. Connecting cilia, however, were still distinct. Cell contacts constituting the OLM appeared well preserved (Fig. 3a, b) .
The layer of photoreceptor cell nuclei in the LD mice was thinner than that in the DD animals (Fig. 1f, g ). Some of these nuclei showed the characteristic chromatin pattern of normal photoreceptor nuclei. In most cases, however, chromatin was condensed and many nuclei were in various stages of pyknosis (Fig. 3c) . Electron dense apoptotic bodies were a frequent finding. Mitochondria next to the nuclei showed the same signs of disruption as seen in the IS. This was also true of the large mitochondria in the basal processes. Nevertheless, many basal processes still contained ribbon synapses surrounded by synaptic vesicles. Muller cell processes passing between the columns of photoreceptor cell nuclei appeared swollen (Fig. 3c) . Apoptotic cell death was confirmed by the presence of large numbers of fluorescent nuclei in TUNEL-treated sections, but these findings were not quantified. The reduction in the thickness of outer retinal layers was quantified for Fig. 4 . Since there were no significant differences between LD and DD wild type animals, their data were pooled. Light-and dark-rearing in the taut)/) animals resulted in significant differences at 3 weeks of age, but not at 6 weeks.
Retinas of taut)/) mice at 6 weeks of age, LD and DD
By the 6th week the thickness of the outer granular layer was further reduced but some nuclei still had fairly well-preserved chromatin patterns (Fig. 1b, c and 5a, b) . The layers representing IS and OS consisted of a few rounded areas of degenerating cytoplasm. An occasional connecting cilium and contacts at the OLM identified these areas as the remnants of IS. They were surrounded by innumerable, tightly intermingled villous processes of PE and Muller basket fibers (Fig. 5a, b) . No signs of OS were seen. The subretinal space was thus completely closed. Basal pedicles containing ribbon synapses and swollen mitochondria could still be identified (Fig. 5a) .
The most notable difference between the DD and the LD mice at 6 weeks was the fact that the outer granular layer was no longer continuous in the LD animals. The irregular row of photoreceptor cell nuclei was interrupted by cells normally belonging to the inner granular layer. These cells had large nuclei with a homogeneous chromatin pattern resembling that of Muller cells (Fig.  5b ). There were also fewer IS and basal pedicles in the LD than in the DD animals.
Phagocytosis in taut)/) retinas
Cell debris was found at all levels of the outer retinal layers. Remnants of OS in various stages of decomposition were seen within PE cells (Fig. 3b) , within IS and within the processes of Muller cells between the columns of nuclei (Fig. 6a-c) . Lumps of cell debris containing amorphous material and vacuoles were a frequent finding on either side of the OLM (Fig. 6a, c) . At 6 weeks the taut)/) retinas had markedly less cell debris than those of the 3-week-old animals. Phagosomes and phagolysosomes were only an occasional finding in the PE.
Discussion
There were no differences between the morphology of the taut WT mouse retina and that of C57BL/6 mice (Carter-Dawson & LaVail, 1979; Jeon, Strettoi, & Masland, 1998) . The temporal aspects of development were also identical (LaVail, 1973) . Cell death, which takes place during retinal histogenesis has been found in all species studied to date, including man (Penfold & Provis, 1986) . Since it is essentially complete in the C57BL/6 mouse by the 18-20th postnatal day (Young, 1985) , and photoreceptor cell degeneration is advanced by 6 weeks of age in the taut)/) mutant (Heller-Stilb et al., 2002) , we chose the time points of 3 and 6 weeks for comparing the effects of a standard light-dark cycle (LD) and continuous darkness (DD) on the retinas of WT and taut)/) mice.
Immunohistochemistry for taurine
Immunostaining (in the WT) was more intense in the photoreceptor cells of the LD mice than in those of the DD animals, a finding which only apparently disagrees with other reports showing taurine release upon light stimulation. Our LD animals were not subjected to light of high intensity and/or long duration as were those of other studies (Oraedu et al., 1980 ; Wasowicz et al., Thickness was significantly reduced when comparing wild type with both KO DD and KO LD as well as when comparing DD with LD knockout mice at 3 weeks. Differences were even greater between wild type and KO at 6 weeks, but no longer significant between the KO animals at that time. Significances: Ã p < 0:05 and ÃÃ p < 0:01. Error bars indicate standard deviation.
2002). Our findings strongly suggest that the retina requires more taurine under conditions of normal cyclic lighting than in darkness. The extremely faint staining in the taut)/) retina shows that the photoreceptor cells did not accumulate taurine, regardless of the light regimen.
Apoptosis and phagocytosis
Apoptosis has been called the ''final common pathway'' in photoreceptor degeneration (Chang, Hao, & Wong, 1993; Portera-Cailliau, Sung, Nathans, & Adler, 1994 ; Rem e, Grimm, Hafezi, Marti, & Wenzel, 1998) . The morphological findings and the TUNEL method showed that apoptosis, as opposed to necrosis, leads to cell death in the retina of taut)/) mice. OS were the first components of photoreceptor cells to lose structural integrity and be removed. The appearance of photoreceptor cell nuclei in the taut)/) retinas was much more heterogeneous with respect to the stages of degeneration than that of the mitochondria. Mitochondria with wellpreserved membranes were a rare finding in taut)/) photoreceptor cells. The processes of degeneration did not differ between LD and DD mice, but the thinner retina in the 3-week-LD mice showed that degeneration was more rapid under conditions of cyclic light.
In normal retinas the PE is responsible for removing shed portions of OS (reviewed in LaVail, 1973) . The number of phagosomes seen at the PE in all four groups of WT animals was within the range of that described for normal C57BL/6 mice (Grace, Chiba, & Menaker, 1999) . This finding confirms the earlier work of Besharse and Hollyfield (1979) who saw that shedding and disc renewal in C57BL/6 mice were only slightly modified by constant light or constant dark. Steinberg (1985) calls the PE cell a ''professional macrophage''. However, the phagocytic activity of PE cells is remarkably specific for rod OS (Mayerson & Hall, 1986) . In the taut)/) animals there was no ultrastructural evidence that PE cells had increased the rate of phagocytosis although the outer layers of the retina were almost gone by the 6th week. Swelling and transient bilayering was not seen (nitrosurea-induced degeneration: Nambu et al., 1997) . The taut)/) retina evidently mobilizes another system for removing much of the debris resulting from the rapid degeneration of the entire photoreceptor cell layer.
Apoptosis involves the uptake of debris by neighboring cells not normally phagocytotic and there was evidence of such activity in IS of taut)/) photoreceptors. Muller cells or retina-specific macroglia are known to have phagocytic capabilities, especially during development (Egensperger, Maslim, Bisti, Holl€ ander, & Stone, 1996; Penfold & Provis, 1986) . Many Muller cells in the taut)/) retina were swollen, a condition also seen in pcd mice (Blanks, Mullen, & LaVail, 1982) . taut)/) Muller cell processes passing between photoreceptor cells frequently contained residual bodies and structures remarkably similar to phagosomes. The ultrastructural findings strongly suggest that Muller cells played a greater role in the disposal of cell debris than the PE. There were no signs of inflammation in the taut)/) mice.
According to Pierce (2001) , the mechanisms leading to photoreceptor degeneration can be classified into four categories: (1) faulty morphogenesis of outer segments; (2) dysfunction of pigment epithelium; (3) chronic activation of phototransduction, and (4) metabolic overload.
Points (1) and (2) are evidently not aspects of retinal degeneration in taut)/) mice, because structurally complete photoreceptor cells did develop and there were no morphological signs of PE dysfunction. PE dysfunction based on a mutation in the Rpe65 gene, for example, is a factor in human Leber congenital amaurosis which leads to blindness early in life and has the same effect in RPE65-deficient mice (Seeliger et al., 2001) . Disturbed morphogenesis of outer segments plays a role in other types of retinal degeneration and is seen in rhodopsin knockout mice (Lem et al., 1999) or in animals with a disrupted gene for peripherin (McNally et al., 2002) .
Points (3) and (4): The fact that most photoreceptor cells were lost within a few weeks after differentiation, regardless of light regimen, suggests that mechanisms comparable to chronic activation and/or metabolic overload initiate apoptosis in taut)/) mice. A good example of chronic activation, even in a dim LD regimen, can be seen in arrestin knockout mice: lack of arrestin impairs the ability of the OS to recover from light stimulation (Chen, Simon, Matthes, Yasumura, & LaVail, 1999) . Degeneration did not occur if arrestin KO mice were reared in the dark. Another example of damage being prevented by light deprivation is the case of the rhodopsin kinase-deficient mouse . In these animals the normal deactivation of rhodopsin after exposure to light is disturbed; i.e. the photoreceptor cells become chronically active. In animals carrying the P23H opsin mutation, however, light deprivation slowed but did not prevent degeneration (Naash et al., 1996) . Dark-rearing of such animals increased the damaging effect of light stress (Vaughan, Coulibaly, Darrow, & Organisciak, 2003) . Interestingly enough, photoreceptors in the above-mentioned RPE65-deficient mice were protected from light stress . Since they lack functional rhodopsin, phototransduction did not take place and the OS remained intact.
A clue to the role of taurine in photoreceptor cell function has been provided by the findings of Militante and Lombardini (2002) who examined the role of Ca þþ influx and extrusion during and following phototransduction as well as in the absence of light. The protective action of taurine, particularly in connection with transmembrane movements of calcium has been known for some time (Lopez-Escalera, Moran, & PasantesMorales, 1988; Petrosian & Haroutounian, 1998) . The taurine transporter helps to regulate cell volume by moving amino acid osmolytes into the cell (G omezAngelats, Bortner, & Cidlowski, 2000) from the extracellular matrix. Differentiated photoreceptor cells need an adequate supply of extracellular taurine and depend upon their own transporter for osmoregulation (see Pasantes-Morales, Ochoa de la Paz, Sepulveda, & Quesada, 1999; Schaffer, Takahashi, & Azuma, 2000) . Extracellular taurine is provided by PE and Muller cells, which normally take up taurine and pass it on to photoreceptors (Pourcho, 1977) . PE and Muller cells are probably unable to do so in taut)/) mice although they themselves are not initially damaged by transporter malfunction. This may be so because they are able to compensate by taking up other osmolytes such as myoinositol (ElSherbeny et al., 2004) . Photoreceptors evidently have no comparable mechanism with which to compensate for a dysfunctional taurine transporter. Continuous osmotic stress leads to membrane instability, especially in mitochondria, and is seen as an initiator of apoptosis (Bortner & Cidlowski, 1998; Ferri & Kroemer, 2001; Petrosian & Haroutounian, 1998; Rego et al., 1996) . The photoreceptors of taut)/) mice raised in the dark were only spared the stress resulting from phototransduction, not that occurring during metabolism in the dark.
Taurine also plays a role in reducing the damaging effects of oxidative stress (Obrosova, Fathallah, & Stevens, 2001 ). Light increases the rate of formation of reactive oxygen species and thus the need for radical scavengers (Boulton, R ozanowska, & R ozanowski, 2001; Demontis, Longoni, & Marchiafava, 2002) . The more intense immunostaining for taurine in the LD than in the DD mice is in good agreement with these findings.
Most retinal degenerations (in naturally mutant and genetically manipulated animals) are a result of disturbances in the structural, metabolic, or transduction processes inherent to the photoreceptors or to cells in their immediate surroundings (Chader, 2002; Chang et al., 2002; Hafezi, Grimm, Simmen, Wenzel, & Rem e, 2000) . Many of these disturbances compare well with those found in cases of human retinal dysfunction. Photoreceptor cell loss in the taut)/) mouse, however, is different in as much as the mutation has altered a molecule not specific to the retina. The amino acid profiles of certain retinitis pigmentosa patients are abnormal (Arshinoff, McCulloch, Macrae, Stein, & Marliss, 1981) . Taurine is only one of these amino acids, but it may be of major importance in a subgroup of patients and supplementation with taurine has proven to slow the progress of visual field loss in some cases of retinitis pigmentosa (Pasantes-Morales, Quiroz, & Quesada, 2002) . Additional studies in the taut)/) mouse may help to better understand the role of taurine in human eye diseases.
